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Murine hepatitis coronavirus (MHV)-A59 infection depends on the interaction of its spike (S) protein with 
the cellular receptor mCEACAM 1a present on murine cells. Human cells lack this receptor and are therefore 
not susceptible to MHV. Specific alleviation of the tropism barrier by redirecting MHV to a tumor-specific 
receptor could lead to a virus with appealing properties for tumor therapy. To demonstrate that MHV can be 
retargeted to a nonnative receptor on human cells, we produced bispecific adapter proteins composed of the 
N-terminal D1 domain of mCEACAM1a linked to a short targeting peptide, the six-amino-acid His tag. 
Preincubation of MHV with the adapter proteins and subsequent inoculation of human cells expressing an 
artificial His receptor resulted in infection of these otherwise nonsusceptible cells and led to subsequent 
production of progeny virus. To generate a self-targeted virus able to establish multiround infection of the 
target cells, we subsequently incorporated the gene encoding the bispecific adapter protein as an additional 
expression cassette into the MHV genome through targeted RNA recombination. When inoculated onto murine 
LR7 cells, the resulting recombinant virus indeed expressed the adapter protein. Furthermore, inoculation of 
human target cells with the virus resulted in a His receptor-specific infection that was multiround. Extensive 
cell-cell fusion and rapid cell killing of infected target cells was observed. Our results show that MHV can be 
genetically redirected via adapters composed of the S protein binding part of mCEACAM1a and a targeting 
peptide recognizing a nonnative receptor expressed on human cells, consequently leading to rapid cell death. 
The results provide interesting leads for further investigations of the use of coronaviruses as antitumor agents. 


The ability to genetically modify viral genomes has greatly 
increased the opportunities of developing viruses for tumor 
therapy. The main aim of designing tumor-selective viruses is 
to generate agents with destructive potency toward cancer cells 
but without or with only limited pathogenicity to normal tis- 
sues. This goal can be achieved either by engineering viruses 
with a preference for replication in cancer cells or by construct- 
ing viruses with a tumor-selective tropism (reviewed in refer- 
ences 37 and 40). To achieve the latter requires viruses to be 
redirected to tumor-specific antigens. 

Coronaviruses, a family of positive-strand enveloped RNA 
viruses of the order Nidovirales, have several characteristics that 
make them attractive as oncolytic viruses. First, they have a very 
narrow host range, determined by the interaction of their spike 
(S) glycoprotein (a class I fusion protein) and their cellular 
receptor. For instance, the host cell tropism of murine hepatitis 
coronavirus (MHV) strain A59 is determined by the specific 
interaction between its S protein and the murine carcinoem- 
bryonic antigen cell adhesion protein la (mCEACAM1a) (1, 9, 
11, 32, 52, 55). The presence of this receptor on the cell is a 
major prerequisite for infection, as cells that are normally 
nonsusceptible can be efficiently infected and killed once made 
to express the mCEACAM1a molecule (11, 14, 38, 39). Since 
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mCEACAM1a is not expressed on human cells, MHV-A59 
cannot establish an infection of such cells, either normal or 
cancer cells. Therefore, redirecting the virus to an antigen on 
human cancer cells is likely to be sufficient for establishing a 
specific infection of these cells. A second feature making MHV 
particularly favorable as an oncolytic agent is that infection of 
susceptible cells gives rise to the formation of large multinu- 
cleated syncytia by the recruitment of surrounding uninfected 
cells (50). This characteristic property, in combination with its 
short replication cycle (6 to 9 h), makes it possible for MHV to 
rapidly kill cells once they are infected. We therefore hypoth- 
esize that MHV-A59, once redirected to human cancer cells, 
might be a potential new antitumor virus. 

The MHV-A59 spike protein is a type I transmembrane 
glycoprotein of 180 kDa. It is proteolytically cleaved by furin, 
resulting in an amino (N)-terminal S1 protein and a mem- 
brane-anchored S2 protein. Upon binding of the N-terminal 
330 amino acids of S1 (46) to residues in the N-terminal im- 
munoglobulin (Ig)-like domain (D1) of mCEACAM 1a (12, 25, 
39, 48, 49, 51), a conformational change in the spike protein 
that leads to the exposure of the fusion peptide and its inser- 
tion into the target cell membrane is induced (28, 30, 49, 56). 
Upon binding of the soluble form of the mCEACAM1a mol- 
ecule to the spike protein, a similar conformational change in 
the spike protein is induced (30, 49, 56), with concomitant 
reduction of virus infectivity. Here we hypothesize that a sol- 
uble receptor domain of mCEACAM1a linked to a targeting 
peptide that can bind to a nonnative receptor can be used to 
redirect MHV to normally nonsusceptible target cells. 
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Recently, we demonstrated that feline infectious peritonitis 
virus can be redirected to the nonnative epidermal growth 
factor receptor by applying a bispecific single-chain antibody 
during inoculation (54). To generate a virus able to produce 
this device and grow on epidermal growth factor receptor- 
positive cells independently, we attempted to incorporate the 
gene encoding the antibody into the feline infectious peritoni- 
tis virus genome. This failed, probably because of high insta- 
bility of the foreign gene in the genome due to its specific 
nucleotide composition. In the present study, we therefore 
used a targeting adapter composed of the virus-binding N- 
terminal domain of the mCEACAM1a MHV receptor (15) 
fused to a short targeting peptide, the six-amino-acid His tag, 
to redirect MHV (53). Our results show that the adapter pro- 
teins, when produced using a vaccinia virus expression system, 
were able to target MHV to cells expressing a surface-dis- 
played single-chain variable antibody fragment (sFv) with spec- 
ificity for a C-terminal His (sFvHis). Subsequent incorporation 
of the adapter gene as an additional expression cassette in the 
MHV genome to allow multiround infection indeed resulted in 
extensive cell-cell fusion and efficient cell killing of the target 
cells. 


MATERIALS AND METHODS 


Viruses and cells. Recombinant felinized MHV (f{MHV) (26) stocks were 
produced and titrated in parallel on Felis catus whole fetus (FCWF) cells (ob- 
tained from N. C. Pedersen). Mouse LR7 cells (26) were used to analyze and 
propagate the recombinant MHV-A59-derived viruses. 

Murine LR7 cells, feline FCWF-4 cells, murine Ost-7 cells (obtained from B. 
Moss), human U118MG cells, His receptor-expressing Ul118MG cells 
(U118MG-HissFv.rec; kindly provided by J. Douglas [8]), human 293 cells, and 
His receptor-expressing 293 cells (293-HissFv.rec; kindly provided by J. Douglas 
[8]) were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Cambrex Bio 
Science, Verviers, Belgium) containing 10% fetal calf serum, 100 IU of penicillin/ 
ml, and 100 yg of streptomycin/ml (all from Life Technologies, Ltd., Paisley, 
United Kingdom). U118MG-HissFv.rec and 293-HissFv.rec culture medium 
contained 0.25 mg/ml G418 (Life Technologies, Ltd., Paisley, United Kingdom). 

Construction of the genes encoding the adapter proteins soR-His and soR-h- 
His. In order to obtain the gene fragment encoding the amino-terminal D1 
domain of the mCEACAM1a receptor (this domain is further referred to as 
soR), PCR was performed with pCEP4:sMHVR-Ig (kindly provided by Thomas 
Gallagher [15]), using forward primer 2296 (5’-CATGGGCCCAGCCGGCCG 
AGCTGGCCTCAGCACAT-3’, nucleotides [nt] 4 to 22 of mCEACAM 1a) and 
reverse primer 2297 (5'-CATGGCGGCCGCGGGGTGTACATGAAATCG-3’, 
nt 409 to 426 of mCEACAM1a). In addition, three subsequent PCRs were 
performed with the same plasmid, using primers 2296 and 2298 (5'-TGTCACA 
AGATTTGGGCTGGGGTGTACATGAAATCG-3’, nt 409 to 426 of mCEAC 
AM1la), 2296 and 2299 (5'-CGGTGGGCATGTGTGAGTTTTGTCACAAGA 
TTITG-3’), and 2296 and 2300 (5'’-CATGGCGGCCGCTGGGCACGGTGGG 
CATGTGT-3’) to generate a similar soR fragment but carrying a 3’ extension 
encoding a hinge linker region derived from IgG1 (15), as the authentic mCEA 
CAM1a occurs as a dimer (10). The resulting DNA fragments soR (429 nt) and 
soR-h (472 nt) (where h is the hinge-encoding region) contained a 5’ Sfil site and 
a 3’ NotI site (underlined in the primers) and were subsequently cloned using 
these restriction enzymes into the expression vector pSecTag2 (Invitrogen, 
Breda, The Netherlands). The resulting expression vectors, pSTsoR-His and 
pSTsoR-h-His, encode the N-terminal D1 domain of mCEACAM1a in fusion 
with an amino-terminal Igk signal sequence and a carboxy-terminal myc tag and 
His tag under the control of a cytomegalovirus and a T7 promoter. The hinge 
region in pSTsoR-h-His is located directly downstream of the D1 domain of 
mCEACAM1a. The composition of the genes encoding the adapter proteins was 
confirmed by sequencing. 

Production of the adapter proteins soR-His and soR-h-His. The adapter 
proteins soR-His and soR-h-His were produced in a way similar to that described 
previously for bispecific single-chain variable fragments (54). Briefly, VIF7-3 
(13)-infected Ost7 cells were transfected with pSTsoR-His and pSTsoR-h-His by 
use of Lipofectin (Life Technologies, Ltd., Paisley, United Kingdom). The cul- 
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ture supernatant was harvested at 20 h postinfection (h p.i.), the proteins were 
separated from vIF7-3 virus by pelleting the latter by centrifugation with a 20% 
sucrose cushion, and the adapter proteins in the culture supernatant were con- 
centrated with a Vivaspin20 filter column (Vivascience AG, Hannover, Ger- 
many). The concentrations of the proteins were determined by dot blot analysis 
of serial dilutions of the adapter proteins, with reference to a standard curve 
similarly prepared with purified N-CEACAM-Fc protein (100 nM). Quantifica- 
tions were done by immunoassay using antibodies directed against N;CEACAM- 
Fc, performed as described below for Western blotting. The density multiplied by 
the surface area of each dot was measured using a densitometer (Bio-Rad 
Laboratories) and plotted against the corresponding dilution factor, after which 
the adapter protein concentrations were calculated. The different adapter prep- 
arations were brought to the same concentration with culture medium before 
use. 

Western blotting. Equal volumes of the concentrated culture supernatant, 
containing the adapter proteins soR-His and soR-h-His, were subjected to 15% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in the 
presence or absence of B-mercaptoethanol. The proteins were blotted onto a 
polyvinylidene difluoride membrane (Bio-Rad Laboratories, Hercules, Calif.), 
and the blot was further processed using antibodies directed against N-CCEACAM- 
Fe (1:3,000; kindly provided by Thomas Gallagher [15]) and swine anti-rabbit 
peroxidase (1:3,000; DakoCytomation, Glostrup, Denmark). The proteins were 
visualized by enhanced chemiluminescence (Amersham Pharmacia Biotech Eu- 
rope GmbH, Freiburg, Germany). 

Determination of firefly expression. Monolayers of 1 x 10° 293-HissFv.rec and 
U118MG-HissFv.rec cells were inoculated with 1 x 10* 50% tissue culture 
infective doses (TCIDs9) (as determined by endpoint dilution on LR7 cells) of 
the firefly luciferase-expressing MHV-EFLM (4) preincubated at 4°C for 1 h with 
the indicated amounts of adapter proteins. At the indicated time points, the cells 
were lysed using the appropriate buffer provided with the firefly luciferase assay 
system (Promega Corporation, Madison, Wis.). Intracellular luciferase expres- 
sion was measured according to the manufacturer’s instructions, and the relative 
light units (RLU) were determined with a luminometer (Turner Biosystems, 
Sunnyvale, Calif.). 

Fluorescence-activated cell sorter (FACS) analysis. The cell lines 293-Hiss- 
Fv.rec and U118MG-HissFv.rec were analyzed for relative sFvHis receptor ex- 
pression by exploitation of the presence of an extracellular hemagglutinin (HA) 
tag C terminal of sFvHis (8). To this end, U118MG, U118MG-HissFv.rec, 293, 
and 293-HissFv.rec cells were collected, incubated either in the presence or in 
the absence of anti-HA high-affinity antibody (1:250; Roche Diagnostics GmbH, 
Mannheim, Germany), and subsequently incubated with goat anti-rat fluorescein 
isothiocyanate (FITC) (1:200; DakoCytomation, Glostrup, Denmark). Flow cy- 
tometry was performed using FACScan analysis (Becton Dickinson, Erembode- 
gem-Aalst, Belgium). The relative geometric mean (GM) fluorescence of each 
cell line in the presence or absence of anti-HA high-affinity antibody was deter- 
mined by using WinMDI 2.8 (http://facs.scripps.edu/). The GM ratio indicates 
the sFvHis expression level of an sFvHis-expressing cell line relative to that of the 
parental cell line. 

Construction of the vectors for targeted recombination. To allow expression of 
the adapter proteins from an additional expression cassette in the viral genome 
of MHV-AS9, a transcription regulation sequence (TRS) (underlined in the 
primers given below) was first introduced into pSTsoR-His and pSTsoR-h-His 
directly upstream of the soR-encoding region, as described before for pXH1bMS 
(5). To this end, the plasmids were digested with NheI and subsequently the 
oligonucleotides 1838 (5’-CTAGCGATATCTAATCTAAACTTTAG-3’) and 
1839 (5'-CTAGCTAAAGTTTAGATTAGATATCG-3’), containing Nhel site 
extensions, were ligated into this site, resulting in pST-T-soR-His and pST-T- 
soR-h-His, respectively. The presence and orientation of the TRS were con- 
firmed by sequencing. Next, the fragments TRS-soR-His and TRS-soR-h-His 
were obtained from pST-T-soR-His and pST-T-soR-h-His, respectively, by di- 
gestion of the vectors with EcoRV and Pmel and the purified fragments were 
cloned into the Klenow-treated HindIII site of pXH1802 (3), containing approx- 
imately 1,200 bp of the 3’ end of the replicase gene 1b fused to the S gene of 
MHV-AS9. Then, the resulting plasmids were digested with RsrII and AvrII and 
the obtained fragments were cloned into pMH54 (26), treated with the same 
enzymes. This resulted in the transcription vectors pMHsoR-His and pMHsoR- 
h-His, suitable for targeted recombination. The transcription vector in which the 
RsrII-AvrIl fragment from pXH1802 was cloned into the corresponding sites of 
pMHS54 was used as a control vector for targeted recombination (further referred 
to as pXHd2aHE [3]). 

Targeted recombination. The adapter genes soR-His and soR-h-His were 
introduced as additional expression cassettes into the MHV genome by targeted 
RNA recombination as described previously (3, 26). Briefly, donor RNAs tran- 
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scribed in vitro from PaclI-linearized plasmids pXHd2aHE, pMHsoR-His, and 
pMHsoR-h-His were transfected by electroporation into feline FCWF-4 cells 
that had been infected with fMHV at a multiplicity of infection (MOD) of 0.5 4h 
earlier. These cells were then plated in culture flasks, and the culture supernatant 
was harvested 24 h later. Progeny virus was plaque purified, and virus stocks were 
grown on LR7 cells. After confirmation of the presence of the additional expres- 
sion cassettes by reverse transcription-PCR (RT-PCR) with purified viral RNA 
from these virus stocks, the virus titers of the stocks were determined by endpoint 
dilution on LR7 cells. These passage 2 virus stocks were subsequently used in the 
experiments. For each virus, two independent recombinants were generated as a 
control for effects caused by unintended mutations in other parts of the viral 
genome. 

Viral RNA isolation and RT-PCR. First, from 140 pl virus-containing culture 
supernatant, viral RNA was isolated using a QIAGEN viral RNA isolation kit 
(according to the manufacturer). Reverse transcription with the isolated RNA 
was then performed using reverse primer 1127 (5’-CCAGTAAGCAATAATG 
TGG-3’), located at nt 24,110 to 24,128 of the MHV genome (GenBank acces- 
sion no. NC 001846). PCR was performed using primers 1173 (5'-GACTTAG 
TCCTCTCCTTGATTG-3’, nt 21650 to 21671) and 1260 (5’-CTTCAACGGTC 
TCAGTGC-3’, nt 24,041 to 24,058), overlapping the region that contains the 
inserted expression cassette. The resulting fragments were subsequently se- 
quenced to confirm the sequence of the inserts. 

Analysis of viral growth kinetics. An amount of 1 10° cells per 2-cm? well 
of the indicated cells was inoculated with 0.5 X 10° TCIDso (as determined by 
endpoint dilution on LR7 cells). After 1 h, the culture supernatant was removed, 
the cells were washed, and fresh culture medium was added. At several time 
points p.i., the medium was harvested and stored at —80°C until analysis. The 
amount of virus produced at each time point was determined by endpoint 
dilution on LR7 cells, and TCIDs, values were calculated. 

Immunofluorescence assay. For indirect immunofluorescence, LR7 cells were 
grown on 10-mm coverslips and infected with the recombinant MHV viruses at 
an MOI of 0.5. The cells were fixed at 5 h p.i., permeabilized, and processed for 
double labeling. Incubations were subsequently performed with rabbit polyclonal 
MHV antiserum K134 (1:400) (41), goat anti-rabbit FITC (1:200; ICN-Cappel, 
Aurora, Ohio), monoclonal antibody directed against the C-terminal His, tag 
(1:100; Invitrogen, Woerden, The Netherlands), and donkey anti-mouse Cy5 
(1:100; Jackson ImmunoResearch, West Grove, Pa.). The staining was visualized 
using a Leica TCS SP confocal laser scanning microscope and Leica software 
(http://www.confocal-microscopy.com/website/sc_llt.nsf). 

Immunoperoxidase staining of cells. An amount of 1 X 10° 293-HissFv.rec 
and U118MG-HissFv.rec cells was inoculated with 0.5 X 10° TCIDs 9. At 16 h 
p.i., the cells were fixed and stained to analyze expression of viral proteins. The 
cells were incubated with rabbit polyclonal MHV antiserum K134 (1:300) (41), 
followed by incubation with swine anti-rabbit peroxidase (1:300; DakoCytoma- 
tion, Glostrup, Denmark) and staining using 3-amino-9-ethylcarbazole (Brun- 
schwig, Amsterdam, The Netherlands) according to the manufacturer’s protocol. 

Metabolic labeling and radioimmunoprecipitation. Subconfluent monolayers 
of LR7 cells were infected with the recombinant viruses at an MOI of 1. At 5.5 h 
p.i., the cells were washed and starved for 30 min in cysteine- and methionine- 
free DMEM containing 5% fetal calf serum, 1 mM Glutamax, and 10 mM 
HEPES, pH 7.3 (all from Life Technologies, Ltd., Paisley, United Kingdom). 
The cells were labeled for 1 h with *°S-Translabel (Amersham Pharmacia Bio- 
tech Europe GmbH, Germany) and chased with nonradioactive culture medium 
for 3 h. Culture supernatants were used for immunoprecipitation using antibod- 
ies directed against N-CEACAM-Fc. 

Monolayer cytotoxicity analysis. An amount of 5 X 104 293-HissFv.rec cells 
per 0.32-cm? well was seeded and infected in triplicate with various amounts of 
MHVsoR-h-His. At several time points after inoculation, the culture medium 
was replaced by DMEM containing 10% WST-1 (Roche Diagnostics GmbH, 
Mannheim, Germany) and the cells were cultured for 2 h. Thereafter, the optical 
density at 450 nm was measured and the viability of the infected cells was 
calculated relative to that of uninfected control cells after subtraction of back- 
ground values of WST-1 incubated in the absence of cells. 


RESULTS 


Generation of soR-His and soR-h-His adapter proteins. To 
explore the possibilities of redirecting MHV to a nonnative 
receptor on human cells (Fig. 1A), we generated adapter pro- 
teins composed of the N-terminal D1 domain of the MHV 
receptor mCEACAM1a linked via a stretch of three alanine 
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residues and a myc tag to a six-amino-acid His tag. The genes 
encoding these adapter proteins were preceded by a sequence 
encoding the Igk signal peptide and constructed either without 
or with a hinge-encoding region (h) of an IgG molecule di- 
rectly downstream of the soR, resulting in soR-His and soR- 
h-His, respectively (Fig. 1B). The Igk signal sequence would 
direct adapter protein secretion, the soR would provide for 
binding to and induction of a conformational change in the 
spike protein, and the His tag would effect the binding to a 
nonnative sFvHis receptor on target cells. Furthermore, the 
hinge region would allow dimerization of the adapter protein 
soR-h-His, as occurs with the natural mCEACAM1a receptor 
(10, 15), whereas the adapter protein soR-His would remain in 
a monomeric state. 

Both adapter proteins were expressed using a vaccinia virus 
T7 expression system in Ost-7 cells. Western blot analysis (Fig. 
1C) of the culture supernatants electrophoresed under reduc- 
ing conditions using antibodies directed against N-CCEACAM-Fc 
(15) showed that the adapter proteins soR-h-His and soR-His 
were produced (Fig. 1C, left), whereas no protein was detected 
in culture supernatant from mock-transfected cells. The appar- 
ent sizes of soR-His and soR-h-His proteins were somewhat 
larger than their predicted sizes of 18.4 and 20.0 kDa, respec- 
tively. Treatment of the resulting proteins with endoglycosi- 
dase H reduced their apparent sizes, confirming that both 
soR-His and soR-h-His were N glycosylated (data not shown). 
Analysis of the adapter proteins under nonreducing conditions 
(Fig. 1C, right) demonstrated that soR-h-His migrated at 55 to 
60 kDa, which is consistent with the size of an soR-h-His 
dimer. Hence, the presence of a hinge region in the protein 
indeed induced dimerization of soR-h-His. In contrast, the size 
of the soR-His protein analyzed under nonreducing conditions 
was similar to that analyzed under reducing conditions, indi- 
cating that it was produced as a monomer. 

The adapter proteins soR-His and soR-h-His can redirect 
MBHV to the nonnative sFvHis receptor on human cells. To 
study the ability of the adapter proteins to redirect MHV to the 
corresponding nonnative receptor, we selected two human cell 
lines, 293-HissFv.rec and U118MG-HissFv.rec (8), that ex- 
press a surface-displayed single-chain variable fragment (sFv) 
with specificity for a C-terminal His tag (sFvHis) (27). FACS 
analysis (Fig. 2A) was performed to determine relative sFvHis 
expression for these cells. GM ratios of 16.5 (293-HissFv.rec 
cells) (Fig. 2A, left) and 1.8 (U118MG-HissFv.rec cells) (Fig. 
2A, right) were observed. This confirmed that both cell lines 
expressed sFvHis but indicated that the expression level was 
much higher with the 293-HissFv.rec cells than with the 
U118MG-HissFv.rec cells. 

Next, we analyzed whether soR-His and soR-h-His were 
able to redirect MHV-EFLM, an MHV-A59 derivative ex- 
pressing firefly luciferase (4), to sFvHis on 293-HissFv.rec and 
U118MG-HissFv.rec cells. To this end, 1 x 10* TCID;, of 
MHV-EFLM (as determined by endpoint dilution on LR7 
cells) were incubated with the indicated amounts of soR-His or 
soR-h-His (Fig. 2B) and subsequently inoculated onto 1 x 10° 
293-HissFv.rec or U118MG-HissFv.rec cells. Luciferase activ- 
ity was measured to determine whether inoculation had re- 
sulted in successful infection of the target cells. The data show 
that both soR-His and soR-h-His were able to redirect MHV- 
EFLM to 293-HissFv.rec and U118MG-HissFv.rec cells, 
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FIG. 1. Approach to redirect MHV to a nonnative receptor. (A) Rationale for using adapter proteins to redirect MHV to a nonnative receptor 
present on human cells. (B) Schematic diagram of the expression cassettes of pSTsoR-His and pSTsoR-h-His and the designs of the adapter 
proteins soR-His and soR-h-His. The Igk signal sequence directs adapter protein secretion, the N-terminal D1 domain of mCEACAM1a (soR) 
provides for binding to and induction of conformational changes in the MHV spike protein, and the six-amino-acid His tag (His) provides for 
binding to the artificial sFvHis receptor. The hinge (h) linker region present in soR-h-His should allow formation of disulfide-linked dimers of the 
resulting protein (T7, T7 promoter; myc, myc tag; ala3, three alanine residues). The resulting adapter proteins are depicted on the right. 
(C) Western blot analysis of soR-h-His and soR-His adapter proteins. Ost-7 cells were infected with vaccinia vTF7-3 and transfected with the 
plasmids pSTsoR-h-His and pSTsoR-His. Mock transfection was done as a control. The culture supernatants were analyzed by Western blotting 
using antibodies directed against N-CEACAM-Fc (15) under both reducing and nonreducing conditions. In each case, the positions of marker 


proteins run in the same gel are shown at the left. 


whereas target cells inoculated with mock-preincubated MHV- 
EFLM remained uninfected, indicating that the infection was 
mediated specifically by the adapter proteins. This was con- 
firmed by similar inoculations of the parental cell lines 293 and 
U118MG, which resulted in only background levels of lucif- 
erase activity (data not shown). 

Consistently, the infection efficiencies were clearly depen- 
dent on the amount of adapter protein present. In both cell 
lines, luciferase expression increased upon inoculation of sim- 
ilar amounts of MHV-EFLM in the presence of increasing 
amounts of soR-His and soR-h-His (Fig. 2B). Strikingly, lucif- 
erase expression was consistently much higher for soR-h-His- 
mediated infection than with soR-His, as can be observed by 


comparing the potencies of similar amounts of adapter pro- 
teins. In addition, luciferase activity was invariably higher when 
targeting MHV-EFLM to 293-HissFv.rec cells than to 
U118MG-HissFv.rec cells. This can be explained, at least in 
part, by the different levels of sFvHis receptor expressed with 
these cells. However, we cannot exclude that MHV replication 
and thus protein expression in U118MG-HissFv.rec cells were 
inherently lower than in 293-HissFv.rec cells. 

Targeted MHV infection requires the native spike mem- 
brane fusion function. To investigate whether the adapter- 
mediated entry of MHV into human cells occurs by the same 
membrane fusion mechanism used by the virus to naturally 
infect murine cells, we applied an inhibitor known to specifi- 
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FIG. 2. Redirection of MHV to an artificial sFvHis receptor expressed on human cells by using the adapter proteins soR-His and soR-h-His. 
(A) FACS analysis of the target cell lines 293-HissFv.rec and U118MG-HissFv.rec and their parental cell lines, 293 and U118MG. Flow cytometry 
was performed using the anti-HA high-affinity antibody to determine the expression of sFvHis for each cell line. The indicated GM ratios relate 
to the ratio of relative GM fluorescence between 293-HissFv.rec and 293 cells (left) and between U118MG-HissFv.rec and U118MG cells (right) 
and are an indication of the relative amounts of sFvHis expression for the target cell lines. (B) Inoculation of human sFvHis-expressing cells with 
MHV-EFLM in the presence or absence of the adapter proteins soR-His and soR-h-His. Monolayers of 1 x 10° 293-HissFv.rec and U118MG- 
HissFv.rec cells were inoculated with firefly luciferase-expressing MHV virus MHV-EFLM (4) preincubated with the indicated amounts of 
soR-His, soR-h-His, or mock culture supernatant, as described in Materials and Methods. The cells were lysed 20 h p.i., and luciferase activity (in 
RLU) was measured using a luminometer. (C) Redirection of MHV-EFLM using soR-His and soR-h-His proteins can be blocked with the 
MHV-specific fusion inhibitor mHR2 (2). 293-HissFv.rec cells were inoculated with MHV-EFLM preincubated with 0.5 nM soR-His or soR-h-His 
in the absence (— mHR2) or presence (+ mHR2) of 20 1M mHR2 peptide. Intracellular luciferase activity (in RLU) was determined at 18 h p.i. 
For panels B and C, the values depicted are the means of an experiment performed in triplicate; bars show standard deviations. 


cally block this process. 293-HissFv.rec cells were inoculated indicating that adapter-targeted MHV infection is dependent 
with MHV-EFLM preincubated with 0.5 nM soR-His or soR- on S-mediated membrane fusion. 

h-His in the presence or absence of 20 uM of mHR2, a peptide Generation and growth characteristics of recombinant 
fusion inhibitor derived from the C-terminal heptad repeat MHVsoR-His and MHVsoR-h-His viruses. Having demon- 
region (HR2) of the MHV S protein (2). As is clear from Fig. strated that MHV can be retargeted by an exogenously added 
2C, luciferase expression was efficiently blocked by the peptide, adapter protein, our next aim was to incorporate this informa- 
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FIG. 3. Recombinant MHVsoR-His and MHVsoR-h-His viruses 
vectors, recombination procedure, and resulting viral genomes. The t 


and their growth kinetics with murine cells. (A) Targeted recombination 
ranscription vectors from which the RNAs were transcribed in vitro by T7 


RNA replicase are depicted on the left side. The inserted additional expression cassettes encoding soR-His and soR-h-His are represented by gray 


boxes. The recombinant viruses generated by targeted recombinatio 


n are depicted at the right. (B) Single-step growth kinetics of the MHV 


recombinants in LR7 cells. LR7 cells were infected with the MHV recombinants at an MOI of 0.5, production of progeny virus in the culture 
supernatant at different times p.i. was determined by endpoint dilution on LR7 cells, and TCIDs9 values were calculated. Viruses marked A and 


B represent independently generated recombinants. In each case, t 
experiments. 


tion into the viral genome to generate a virus producing its own 
targeting device, thereby acquiring the ability to be indepen- 
dently propagated on the target cells. To this end, the soR-His 
and soR-h-His expression cassettes were provided with a TRS 
to allow transcription of the foreign gene from the viral ge- 
nome (4) and inserted into the recombination vector pMH54, 
thereby replacing the genes 2a and HE from MHV-AS59 (Fig. 
3A). To obtain the recombinant MHV viruses, targeted recom- 
bination was performed as described earlier (26), resulting in 
the viruses MHVsoR-His and MHVsoR-h-His (Fig. 3A). In 
parallel, a control recombinant MHV that lacks the genes 2a 
and HE was generated, resulting in MHVd2aHE. The geno- 
types of the recombinant passage 2 viruses were confirmed by 
RT-PCR with viral RNA isolated after plaque purification and 
stock production with murine LR7 cells (data not shown). 
The in vitro growth kinetics of the recombinant MHVsoR- 
His and MHVsoR-h-His viruses were compared with that of 
MHVd2aHE by comparing their one-step growth curves with 
murine LR7 cells (Fig. 3B). Pairs of independently generated 


he growth curve shown is a representative example of two independent 


recombinant viruses were used to verify that the observed 
phenotypes were not a consequence of unintended mutations. 
The recombinant MHVsoR-His viruses appeared to replicate 
very similarly to MHVd2aHE, whereas MHVsoR-h-His vi- 
ruses grew with similar kinetics but to considerably lower titers. 
The yields of MHVsoR-h-His were almost 2 log units lower 
than those of MHVsoR-His and MHVd2aHE. 

MHV recombinant viruses are able to express and secrete 
the adapter proteins from infected murine LR7 cells. To dem- 
onstrate that the adapter proteins soR-His and soR-h-His were 
produced from their respective expression cassettes in the re- 
combinant MHVsoR-His and MHVsoR-h-His viruses, murine 
LR7 cells were inoculated with the recombinant MHV viruses 
and processed for a double immunofluorescence labeling. The 
following antibodies were used in successive order: anti-MHV 
serum, FITC-labeled secondary antibody, anti-His, (C-termi- 
nal) monoclonal antibody, and Cy-5 secondary antibody. Con- 
focal scanning laser microscopy performed with the processed 
cells showed His staining in cells infected with either virus (Fig. 
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FIG. 4. Expression of soR-His and soR-h-His by MHV recombi- 
nant viruses. (A) Confocal laser scanning microscopy of LR7 cells 
infected with MHVd2aHE, MHVsoR-His, and MHVsoR-h-His re- 
combinant viruses. LR7 cells were infected with recombinant viruses at 
an MOI of 0.5, fixed at 6 h p.i., permeabilized, and processed for 
immunofluorescence by subsequently applying the anti- MHV serum 
K134, a green fluorescent FITC secondary antibody, the anti-His, 
(C-terminal) antibody, and a red fluorescent Cy5 secondary antibody 
(<100 magnification). The staining was visualized using a Leica TCS 
SP confocal laser scanning microscope by excitation at 488 nm (FITC; 
left column) or 568 nm (Cy5; right column). For each recombinant 
MHYV virus, one representative example of the independently gener- 
ated viruses is shown. (B) Radioimmunoprecipitation of the secreted 
soR-His and soR-h-His proteins. LR7 cells were inoculated with 
MHVd2aHE, MHVsoR-His, and MHVsoR-h-His at an MOI of 1 and 
subsequently labeled with *°S-labeled Met/Cys from 6 to 7 h p.i. and 
chased with cold medium for 3 h. Immunoprecipitation was performed 
with the culture medium by use of anti-N-CEACAM-Fc antibodies 
(15), and the precipitates were analyzed by SDS-PAGE under reduc- 
ing conditions. Viruses marked A and B represent independently gen- 
erated recombinants. The positions of molecular mass marker proteins 
are indicated to the left of the gel. 


4A, middle and bottom) but not in uninfected cells (not shown) 
or cells infected with the control virus MHVd2aHE-infected 
LR7 cells (top). 

To investigate the excretion of the adapter proteins from 
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MHVsoR-His- and MHVsoR-h-His-infected cells into the cul- 
ture supernatant, LR7 cells were infected with the different 
recombinant viruses at an MOI of 1 and labeled for 3 h with 
*°S-labeled amino acids starting at 6 h p.i. Subsequently, the 
culture supernatants were processed for immunoprecipitation 
with anti-N-CEACAM-Fc antibodies (15) and analyzed by 
SDS-PAGE under reducing conditions (Fig. 4B). Diffuse 
bands representing the proteins soR-His and soR-h-His were 
observed. The presence of the hinge region in soR-h-His ac- 
counts for the difference in size between the two proteins. 
Their electrophoretic mobilities are similar to those of the 
proteins expressed from pSTsoR-His and pSTsoR-h-His (Fig. 
1C). Analysis of the immunoprecipitates under nonreducing 
conditions showed that only a small fraction of the soR-h-His 
adapter protein occurred as dimers (data not shown). In con- 
clusion, MHVsoR-His and MHVsoR-h-His recombinant vi- 
ruses expressed and excreted the adapter proteins from in- 
fected LR7 cells. 

MHVsoR-h-His, but not MHVsoR-His, infects sFvHis-ex- 
pressing human target cells. To determine whether the 
adapter protein-expressing recombinant MHV viruses were 
able to infect human cells displaying the nonnative sFvHis 
receptor, 293-HissFv.rec and U118MG-HissFv.rec cells (1 
10° each) were inoculated with 0.5 x 10° TCID;9 of virus 
grown in and titrated on LR7 cells. The cells were fixed 16 h 
after inoculation, permeabilized, and stained using polyclonal 
MHV antiserum (Fig. 5). For both 293-HissFv.rec and 
U118MG-HissFv.rec cells, positive staining was observed only 
after inoculation with MHVsoR-h-His recombinant viruses, 
not after inoculation with MHVsoR-His recombinant viruses. 
Neither of the two cell lines could be infected with 
MHVd2aHE, indicating that infection was critically dependent 
on expressed soR-h-His. Moreover, many more cells became 
infected after inoculation of 293-HissFv.rec cells than after 
inoculation of U118MG-HissFv.rec cells. These results are in 
agreement with the differences in targeting efficiency observed 
when redirecting MHV-EFLM by means of exogenous soR-h- 
His protein to these cells (Fig. 2B). Subsequent cell-cell fusion 
was observed only with 293-HissFv.rec cells and was very ob- 
vious 24 h p.i. (Fig. 5, top two panels). 

To confirm the specificity of the targeted infection, similar 
infectious amounts of MHVsoR-h-His viruses were used to 
inoculate the parental cell lines 293 and U118MG, which lack 
sFvHis receptor expression. No infected cells could be de- 
tected by immunoperoxidase staining, indicating that the in- 
fection by MHVsoR-h-His was sFvHis specific (data not 
shown). 

Analysis of the growth kinetics of and cell killing by the 
MHVsok-h-His recombinant viruses in human target cells. In 
order to establish whether infection of susceptible cells by 
MHVsoR-h-His was productive and to determine the kinetics 
of progeny virus release, we prepared an in vitro growth curve 
of the virus in 293-HissFv.rec cells. An amount of 1 x 10° 
293-HissFv.rec cells was inoculated with 0.5 < 10° TCIDs9 of 
MHVsoR-h-His virus grown in and titrated on LR7 cells. At 
several time points, samples were taken from the culture su- 
pernatant and the infectivity was determined by endpoint di- 
lution on LR7 cells. MHVd2aHE was used as a negative con- 
trol. Figure 6A shows the results of a representative 
experiment demonstrating that recombinant MHVsoR-h-His 
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FIG. 5. Immunoperoxidase staining of sFvHis-expressing human cells inoculated with MHVsoR-His and MHVsoR-h-His recombinant viruses. 
293-HissFv.rec and U118MG-HissFv.rec cells were inoculated with MHVd2aHE, MHVsoR-His, and MHVsoR-h-His, as described in Materials 
and Methods. Cells were fixed 16 h after inoculation, permeabilized, and subsequently processed using anti-MHV serum K134. The infection of 
the target cells was analyzed by 3-amino-9-ethylcarbazole staining. Enlargements of pictures taken at a X4 magnification (without a dark border) 
are shown at a X10 magnification (with a dark border). In the enlargements, syncytium formation is clear in 293-HissFv.rec cells infected with 
MHVsoR-h-His but absent in similarly infected U118MG-HissFv.rec cells. 


viruses replicate with normal kinetics and with reasonable 
yields, with maximal virus titers of 10° to 10’ TCID,,/ml as 
determined by endpoint dilution on LR7 cells. 

To confirm that MHVsoR-h-His virus could indeed establish 
a multiround infection of the target cells, we first produced an 
MHVsoR-h-His virus stock with 293-HissFv.rec cells and de- 
termined the viral titer for murine LR7 cells. Of this virus 
stock, 5 X 10* (1:1) or 5 X 10° (1:10) TCID., were inoculated 
onto 5 X 10* fresh 293-HissFv.rec cells. Cell viability was 
measured by WST-1 assay at different time points after inoc- 
ulation (Fig. 6B). The results indicate that the infection 
spreads through the 293-HissFv.rec cell culture, killing increas- 
ing numbers of cells and eventually eradicating the entire cul- 
ture. The spread of the infection was confirmed by immuno- 
peroxidase staining of the infected cells at different times p.i., 
by which an increasing amount of positive cells was observed 
over time (data not shown). The amount of virus used to 
inoculate 293-HissFv.rec cells determined the rate at which cell 
killing occurred; when inoculated at an MOI of 1, destruction 
of the cell culture took about 24 h, whereas after inoculation at 
an MOI of 0.1 the process was slower, being essentially com- 
plete after about 48 h. 


DISCUSSION 


The results described in this paper demonstrate the feasibil- 
ity of redirecting recombinant murine coronavirus MHV to a 


nonnative receptor on human cells. To achieve this, we intro- 
duced bidirectional adapter protein-encoding genes, composed 
of the spike-binding domain of mCEACAM1a fused to a His 
tag targeting peptide into the MHV genome. This yielded a 
recombinant MHV that could establish a receptor-specific in- 
fection of sFvHis receptor-expressing human cells, resulting in 
extensive cell-cell fusion and efficient killing of the target cells. 

Many viruses have been explored in various ways for their 
potential use as oncolytic agents. Several strategies successfully 
applied genetic modification of viruses to alter their receptor 
binding specificity and direct them to tumor cells. In some 
cases, targeting molecules were directly incorporated into the 
viral surface proteins (7, 17-19, 21, 23, 24, 29, 33, 36, 43-45). 
Similar strategies were not effective for MHV and fMHV, as 
viable spike-modified viruses could not be rescued (our unpub- 
lished data). This is most probably due to the complex nature 
and dual function of the S protein, changes in which may easily 
lead to impairment of the conformational rearrangements in 
the spike essential for its functioning during cell entry. Soluble 
receptor proteins have been used to redirect replication-defi- 
cient adenoviruses (6, 22) and, very recently, herpes simplex 
virus (31) to cancer cells. Strikingly, replication-competent ad- 
enoviruses were impaired in their oncolytic potential when 
expressing a soluble receptor targeting molecule (20). Here we 
have demonstrated that the species barrier of coronaviruses 
can be alleviated, as shown by the insertion of adapter proteins 
into the MHV viral genome. 
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FIG. 6. MHVsoR-h-His progeny virus production and cell killing 
of 293-HissFv.rec target cells. (A) Growth kinetics of MHVsoR-h-His 
with 293-HissFv.rec cells. 293-HissFv.rec cells were inoculated with 
MHVsoR-h-His as described in Materials and Methods. The appear- 
ance of progeny virus in the culture media at different times p.i. was 
determined by endpoint dilution on murine LR7 cells, and TCIDs9 
values were calculated. (B) Cell viability of 293-HissFv.rec cells after 
inoculation with MHVsoR-h-His. MHVsoR-h-His virus stocks grown 
on 293-HissFv.rec cells were used to inoculate fresh 293-HissFv.rec 
cells. After inoculation of 5 x 104 target cells with 5 x 104 (1/1) and 5 
x 10° (1/10) TCID5, (as determined by endpoint dilution on LR7 
cells), cell viability was measured at different time points after inocu- 
lation. The indicated optical density at 450 nm values represent the 
WST-1 values relative to that of uninfected control cells after subtrac- 
tion of background values of WST-1 incubated in the absence of cells 
and are the results of an experiment performed in triplicate. perc., 
percent. The viruses marked A and B indicate the independently 
generated recombinants. 
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In general, soluble receptors, i.e., the functional fragments 
from otherwise membrane-anchored cell surface antigens act- 
ing as receptors, bind to viruses and neutralize virus infectivity. 
These features have been explored in quite some detail for 
murine coronaviruses (16, 30, 34, 35, 42, 47, 56-58). It has been 
shown that the N-terminal domain of the mCEACAM1a re- 
ceptor is sufficient for MHV-AS59 binding and for induction of 
a conformational change in the S protein. This N-terminal 
domain can block virus infectivity for susceptible cells. Its ex- 
pression on nonsusceptible cells is only sufficient to render 
cells susceptible to MHV once a second domain of the mCE 
ACAM1a is also introduced (12) or when it interacts with 
another unidentified molecule on the plasma membrane (10). 
Here we demonstrated that when the N-terminal domain of 
mCEACAM1a is linked to a suitable peptide ligand, the fusion 
protein can function as an adapter protein that targets MHV to 
a corresponding receptor on a nonsusceptible cell. The subse- 
quent establishment of infection functionally demonstrates 
that the adapter protein is sufficient to bind to and induce the 
conformational changes in the spike essential for MHV infec- 
tion (15, 48, 56-58). 

The efficiency of MHV targeting to a nonnative receptor was 
critically dependent on the presence of a hinge region in the 
adapter protein. Adapter proteins containing such a region 
established a more effective infection of sFvHis-expressing tar- 
get cells than similar adapter proteins lacking this region. The 
hinge region might function as an extended linker between the 
spike-binding domain soR and the target cell receptor, thereby 
affecting the conformation of the adapter protein or the spac- 
ing between the virus membrane and the cell membrane. That 
the distance between these membranes may be important was 
also suggested by the results of Dveksler et al. (12), who found 
that, in contrast to expression of only the N-terminal domain of 
mCEACAM 1a, extension of this domain with a second immu- 
noglobulin-like motif rendered cells susceptible to MHV in- 
fection. Alternatively, the formation of disulfide-linked 
adapter protein dimers might account for the difference in 
targeting efficiency. Indeed, reduction of the dimer into a mo- 
nomeric adapter protein by using dithiothreitol led to a drastic 
decrease in infected target cells (data not shown). Further 
research is needed to conclusively determine the role of the 
hinge region in the adapter protein. 

The presence of the hinge region also had a pronounced 
effect on the yields of adapter protein-expressing recombinant 
MHV viruses from murine LR7 cells. While MHVsoR-His 
replicated to titers similar to that of the control virus 
MHVd2aHE, a severe reduction in yield was observed for 
MHVsoR-h-His (Fig. 3B). It is unlikely that the gene of soR- 
h-His, larger by merely 51 nucleotides, caused this difference. 
Since the amounts of the adapter proteins produced by the 
MHV recombinant viruses were approximately similar (Fig. 
4B), it is more likely that the effect is the result of interactions 
between the adapter proteins and the spike proteins within the 
infected cell, which might lead to an impairment of virus re- 
lease. Accordingly, we observed that soR-h-His neutralized 
MHV infection with murine LR7 cells more efficiently than did 
soR-His (53). Apparently, the disulfide-linked dimer of soR 
has a higher affinity for the spike protein than the monomeric 
form and it thereby acts as a stronger competitor for binding of 
MHV to cellular mCEACAM 1a. The subsequent reduction in 
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entry of MHVsoR-h-His would explain the lower yield of this 
virus from mCEACAM1a-expressing cells. 

The efficiencies with which our self-targeted MHVs could 
infect human target cells differed between the two HissFv- 
expressing cell lines: 293-HissFv.rec cells were the most sus- 
ceptible, giving rise to extensive cell-cell fusion and ultimately 
eradication of cell cultures, which was not observed with 
U118MG-HissFv.rec cells. The significantly higher sFvHis re- 
ceptor expression with 293-HissFv.rec cells probably accounts 
for this difference. As a high level of mCEACAM 1a expression 
is also essential for an effective native infection of MHV (9, 11, 
38), a similar receptor concentration-dependent infection 
might apply to nonnative receptors as well. We cannot, how- 
ever, exclude that other inherent differences between 293-Hiss- 
Fv.rec and U118MG-HissFv.rec cells are responsible for the 
observed different outcomes. 
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